Degradation mechanism of surface coating effects at the cathode / electrolyte interface is investigated using thin-film model electrodes combined with operando X-ray absorption spectroscopy (XAS). MgO-coated LiCoO2 thin-film electrodes prepared via pulsed laser deposition at room temperature and high temperature are used as model systems. The MgO coating improves the durability of the cathode during high-potential cycling. Operando total reflection fluorescence XAS reveals that initial deterioration due to reduction of Co ions at the surface of the uncoated-LiCoO2 thin film upon electrolyte immersion is inhibited by the MgO coating. Operando depth-resolved XAS reveals that the MgO coating suppresses drastic distortions of local structure at the LiCoO2 surface as observed in the uncoated-LiCoO2 during charging process. The electronic and local structure changes at the electrode/electrolyte interface for two types of surface coating morphologies are discussed.
Introduction
Lithium-ion batteries (LIBs) are used in several applications such as mobile phones and electric vehicles, and further improvement of the battery performance is needed. For the improvement of the performance, it is necessary to control the interfacial structure between electrode and electrolyte because the electrode/electrolyte interface is the reaction site of LIBs. [1] [2] [3] [4] One of the popular methods to control the interfacial structure is to coat active materials with a metal oxide. [5] [6] [7] [8] [9] [10] [11] [12] The surface coating of the active materials enhances various aspects of battery performance such as cyclability, [5] [6] [7] rate capability 8, 9 and durability at high potential. TRF-XAS measurements were performed on the beamlines BL01B1 and BL28XU of SPring-8 (Japan) using a solid-state detector. DR-XAS measurements were conducted at the beamline BL37XU of SPring-8 with a two-dimensional pixel array detector, PILATUS (Dectris, Switzerland). Co K-edge fluorescence XAS spectra were measured. For both operando XAS measurements, the customized spectro-electrochemical cells used consisted of the LiCoO2 thin films as the working electrodes, lithium metal as the counter electrodes and 1 M LiClO4 dissolved in a mixture of ethylene carbonate and diethyl carbonate with a volume ratio of 1:1 as the electrolyte. Experimental details of the operando DR-XAS and TRF-XAS measurements have been described elsewhere.
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Results and Discussion

Characterization of as-prepared thin films
The as-prepared thin film electrodes were characterized by XRD, cross-sectional TEM as shown in Fig. 1 . Except the diffraction peaks arising from Pt substrate, a peak at approximately 2θ = 18.9° is observed. This peak corresponds to diffraction by the (003) plane of hexagonal LiCoO2. No other diffraction peaks were detected, validating the obtained LiCoO2 film as a single phase oriented along the c-axis. The position of the diffraction peaks for the three thin films is almost equal, which indicates the bulk-crystal structure is unchanged upon MgO coating. The c-axis of the prepared LiCoO2 film is tilted and not perpendicular to the substrate and the in-plane is random, meaning that the planes through which lithium ions can intercalate in LiCoO2 face the interface. 15 The surface morphology measured by cross-sectional TEM with EDX of the RT-MgO-LCO is shown in Fig. 1 
Electrochemical properties of MgO coated LiCoO2 thin films
The MgO coating on LiCoO2 improves the durability especially at high potentials. For this EXAFS analysis, the standard error of the Co-O length is less than 0.001 nm, and that of the Co-O DW factor is less than 0.002 nm. Although depth-resolved EXAFS analysis provides relatively large standard errors, one can discuss tendencies of the Co-O length and DW factor from the surface to the bulk as previously reported.
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The temperature of MgO coating influences the surface structure of LiCoO2. The
Co-O length for the HT-MgO-LCO is longer than those of the other two thin films and is larger for low exit angles as shown in Fig. 5(a) . The DW factor of the HT-MgO-LCO is larger than those for the others as shown in Fig. 5(d) . This result can be explained by the formation of solid solution phase at LiCoO2 surface as reported previously.
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On the other hand, the Co-O length and the DW factor of the RT-MgO-LCO are almost similar to those of the uncoated-LCO.
This result indicates that MgO layer only covers the LiCoO2 surface and does not affect the local structure of LiCoO2. The covered MgO layer for the RT-MgO-LCO impedes the interfacial reaction as observed in EIS measurement (Fig. 2) .
Electrochemical lithium extraction causes rearrangement of local structure around the electrode/electrolyte interface. For the uncoated-LCO, when the cells are charged to 4.2 V, the DW factor at low exit angles increases (Fig. 6 (e) ), meaning that structural distortion occurs at the interface. 
Comprehensive model for surface coating mechanism
In this section, we summarize the surface coating mechanism based on the experimental results. For the MgO coating, our results show two types of configuration. The first is MgO layer covering the LiCoO2 surface as observed for the RT-MgO-LCO. The second is a solid solution formation at LiCoO2 surface as observed for the HT-MgO-LCO. At the initial state, the former configuration influences the interfacial resistance, whereby the MgO layer covering LiCoO2 impedes the interfacial reaction. However, the initial deterioration observed in the uncoated-LCO can be suppressed for both cases. A schematic illustration of the electrode/electrolyte interface for the examined three model thin films is shown in Fig. 6 .
Co reduction observed in the uncoated-LCO indicates that the electron transfer from the electrolyte to the surface forms the space charge layer at the LiCoO2 surface.
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LiCoO2 is reported to be a semiconductor with a relatively small band gap of ~1.5 eV. 26 Electrons from the electrolyte can move to the conduction band of the LiCoO2. For the uncoated-LCO, the potential gap at the interface should be compensated by the space charge layer and the electrical double layer (Fig. 6 (a) ). 16 This wide space charge layer forms a Co-reduction phase. As shown in Fig. 2 (a) , the phase transition of LiCoO2 occurs at approximately 4.1 V. Although it has been reported that Mg-doping suppresses the phase transition and improves the stability of LiCoO2, 27 the peak attributed to the phase transition was still observed for the RT-MgO-LCO and HT-MgO-LCO at approximately 4.1 V. This means that Mg-coating does not suppress the phase transition. Furthermore, the capacity degradation of the uncoated-LCO occurred through potential cycling between 3.2 V and 4.0 V. This supports that the surface structure change of the uncoated-LCO changes upon electrolyte immersion influences the charge-discharge stability.
In contrast, the MgO coating at room temperature inhibits the reduction of the Co ions at the LiCoO2 surface upon electrolyte immersion. The band gap of MgO is much larger (6.4 eV) 28 than that of the LiCoO2, preventing the electron transfer to the conduction band of the LiCoO2. For RT-MgO-LCO, since the space charge layer does not form at the surface, the potential gap between the electrode and the electrolyte is mostly compensated by the electrical double layer in the electrolyte (Fig. 6 (b) ). In the case of HT-MgO-LCO, the solid-solution phase formed on the LiCoO2 surface is very stable because the surface structure is not deteriorated even when the space charge layer forms at the electrode side (Fig. 6 (c) ).
Considering this, the suppression of the space charge layer formation in bare LiCoO2 layer is an effective strategy to prevent initial deterioration of active materials during battery operation.
Control of the satability of the local structure in LiCoO2 is also an important strategy.
For the HT-MgO-LCO, the solid solution of Mg stabilizes the interfacial structure upon cycling at high potentials.
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For the RT-MgO-LCO, the MgO layer only covers LiCoO2 surface, leading to unfavorable increase in the interfacial resistance. However, as observed in the DR-XAS study, the local structure of the RT-MgO-LCO is similar to that of the HT-MgO-LCO during charging. When LiCoO2 is charged, Li + sites become unoccupied, and Mg 2+ ions in the MgO can diffuse into the unoccupied Li + sites because the ionic radius of Mg 2+ is close to that of Li + (Fig. 7) . 
Conclusion
The mechanism of the MgO coating on LiCoO2 was investigated via electrochemical measurements and in operando XAS measurements. MgO coating at both room temperature and high temperature improves the durability under high-potential cycling. 
